This paper demonstrates a carbon-copper (C-Cu) composite nanostructure directly fabricated on a copper (Cu) substrate using the Ar + ion irradiation method at room temperature. The morphology of C-Cu composite was controlled by a simultaneous carbon supply during ion irradiation. Conical protrusions formed on the surface of the Cu substrate with the low carbon supply rate (R C ), whereas high R C area prominently produced nanoneedle structures. The field electron emission (FEE) tests demonstrated significant improvement between conical protrusions and nanoneedle structures, where the emission current increase from 5.70 µAcm −2 to 4.37 mAcm -2 , while the turn-on field reduced from 5.90 to 2. Currently, one-dimensional (1D) carbon nanostructure materials, namely nanowires, nanotubes and nanofibers have attracted great deal of attention due to its extraordinary structure, high aspect ratio, and excellent electrical and mechanical properties. [1][2] [3] The overwhelming attention promoted interests in composite structure with various metals. 4, 5 The motivation of the interests is a result of the tunable characteristics and promising applications of 1D nanostructure materials in various fields, including as field electron emission (FEE) emitter. 6, 7 To date, various techniques have been explored to synthesize carbon-metals composites including arc discharge, chemical vapor deposition (CVD) and high temperature pyrolysis. [8] [9] [10] [11] However, all these methods require temperature of higher than 500 • C, which sometimes leads to a serious drawback for practical application. In order to be viable for commercial usage, synthesis methods at lower temperature, ideally at room temperature is essential.
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AIP Advances 6, 095109 (2016) ion beam with inert gases and simultaneous metal supply. [15] [16] [17] [18] In this regard, room temperature ion irradiation growth of carbon-metal composite nanostructures directly on conductive metal substrate enables the tailoring of composite nanostructure according to the application requirement. The advantages of direct growth of carbon-metal composite nanostructure on conductive metal substrate are twofold, namely (i) minimize the contact resistance between nanostructures and the conductive substrate; and (ii) providing good bonding between nanostructures and the substrate. [19] [20] [21] These advantages is believed to improve the FEE properties. It is widely known that the morphology of nanomaterials severely influences its own properties and applications. The geometrical and chemical elements, namely emitter size, aspect ratio, composition and numerical density significantly affect the FEE properties. [22] [23] [24] Hence, this technique was expanded to reveal the formation of carbon-copper (C-Cu) composite nanostructure with various morphologies and FEE properties.
Cu possesses excellent thermal and electrical conductivities. 25 The combination of Cu and C will be fascinating for various applications such as FEE devices. However, the apparent interface between 1D carbon nanostructure and Cu substrate is not preferable for this application because the interface is in general weak mechanically and electrically. The seamless configuration of 1D nanostructure and substrate will be promising for the applications. Very unfortunately, this goal is difficult to achieve for pure carbon, namely 1D carbon nanostructure on Cu substrate. By contrast, for 1D C-Cu composite nanostructure, this seamless structure fabrication can be easily achievable by the ion irradiation method. So, our expectation is to achieve the seamless structure for 1D C-Cu composites nanostructure with keeping both Cu concentration as high as possible and controllability of 1D structure as much as possible. Therefore, in this paper, we carried out the morphological and compositional controls of C-Cu composite nanostructures, which are grown directly on a Cu substrate at the room temperature without any catalyst. Furthermore, in this paper, the applicability of this nanostructure as a FEE emitter for future (FEDs) is also investigated.
The samples employed in this experimental work were commercially available Cu substrate with a thickness of 0.2 mm. The C-Cu composite nanostructures were grown on the Cu substrate with a size of 25 x 10 x 0.2 mm 3 . Cu substrate was mounted on a sample stage and a graphite plate (C wall) acting as the carbon atom supplier was placed perpendicular to the edge of the Cu substrate (Figure 1(a) ). Ion irradiations onto Cu substrate and C wall at 1 keV were performed at the room temperature for 60 minutes by using Kaufman type ion gun with the ion beam diameter of 6 cm (ION TECH. INC Ltd., model 3-1500-100FC). Ion incident angle was 45 o with respect to the normal surface for both Cu substrate and C wall. The basal and working pressures for C-Cu composite nanostructures fabrication were 1.5 x 10 -5 and 2 x 10 -2 Pa, respectively. The etching rate of Cu was 68.8 nm/min, almost independent of the area. The C supply rate (R C ) were 0.17, 0.67, 0.83, 1.67 and 2.83 nm/min, depending on the distance from the C wall (Table I) . To determine the Rc, C wall, which was placed perpendicular to SiO 2 (300 nm in thickness) covered Si platelet(SiO 2 /Si), 1.0 x 2.5 cm 2 in size, was irradiated by Ar + under the same ion irradiation condition as that for the fabrication of C-Cu composite nanostructure for 60 minute. As seen in the figure 1(b) below, in order to avoid the ion irradiation onto SiO 2 /Si substrate, protection wall (C) was also placed at the other front edge of the SiO 2 /Si substrate. The deposition area was fixed to 0.5 cm x 2.5 cm by masking SiO 2 /Si and the thickness of C film deposited was measured by a profile meter Surfcom-1400D (Accretech-Tokyo Seimitsu). The Rc then was calculated by using equation (1) as shown below as a function of the distance from the carbon wall:
Carbon supply rate = Carbon film thickness (nm) deposition time (min) (
After ion beam irradiation, scanning electron microscopy (SEM, JEOL JEM-5600) and transmission electron microscopy equipped with energy dispersive X-ray (EDS) (TEM; JEOL JEM-2010HR) were used for the observations of the morphologies of the sample surfaces and the crystalline structure of C-Cu composite nanostructures, respectively. For FEE measurements, a parallel plate configuration was used under vacuum condition of 3 × 10 -4 Pa. An ITO-coated glass was used as an anode, whereas a cathode (C-Cu composite nanostructures) was separated from the anode by utilizing a Teflon spacer with 100 µm thickness. The size of the emission area is 0.1 cm 2 , with applied voltage ranging from 0 and 1000 V to characterize the FEE behavior. Additionally, it is found that the C-Cu nanoneedle structures formed during the higher R C is longer compared to the C-Cu form at moderate R C with length of 5.0-8.5 µm and diameter of 0.1 µm. Note that, with increasing of R C , the number density of C-Cu nanoneedle was increased from 4 x 10 3 mm -2 to 4.6 x 10 3 mm -2 . It is noted that there is very less conical protrusions without the C-Cu nanoneedle observed at the area with high R C .
As is well-known, surface diffusion of C plays important role in the CNF growth. 13 Similar to this CNF growth, the surface diffusion of carbon is thought to be responsible for the C-Cu nanostructure formation. The formation mechanism of the ion induced C-Cu composite nanostructure would be the re-deposition of sputter ejected Cu and C atom onto the side wall of conical protrusions and the surface diffusion of the re-deposited Cu and C atoms towards the tips during the ion irradiation process. Therefore, at the low C supply region, erosion process is more dominant than the growth process resulting in no needle formation. This hypothesis is in line with the morphologies of the C-Cu nanostructure formed at the region with higher R C , where the longer C-Cu nanoneedles were formed.
The composition of C-Cu composite nanostructure is confirmed by the EDS analysis, as shown in Table II . It is clear that only Cu and C were detected with various percentages. The C concentration in C-Cu composite nanostructures is linearly proportional to the R C (refer Tables I and II Figure 3(b) ], the C-Cu conical protrusions formed consist of C coated Cu crystallites with slightly higher C concentration. The aforementioned result is established via EDS analysis, which revealed that the structure consists of 89% Cu and 11% C. In the case of C-Cu nanoneedle structure grown at the R C higher than 0.83 nm/min, no boundary between the nanoneedle structure and the cone was recognizable [ Figure 3(c) ]. For further clarification, the TEM image revealed that the Cu nanoparticles are homogenously distributed along the structure of the C-Cu nanoneedle structures. The EDS analysis revealed that the C-Cu nanoneedle structures consist of Cu and C at 87% and 13%, respectively. In Figure 3(d) , the image depicts the selected area electron diffraction (SAED) pattern of C-Cu composite nanoneedle, which consists of a broad ring with several spots. Through a careful analysis, the inner ring and the spots thereon are able to be identified as graphite (002) and polycrystalline Cu (111), Cu (220), Cu (200) and Cu (311).
The C-Cu composite nanostructures grown directly on the Cu substrate with various R C are studied for FEE properties as shown in Figure 4 . The turn on field, defined as the field required to extract a current density of 1 nA/cm 2 , is 8.0 and 5.9 V/µm for the emitter grown at lower R C [R C =0.17 and 0.67 nm/min]. For the emitter grown at lower R C [R C =0.17 and 0.67 nm/min], the threshold fields relative to the current density of 0.1µA/cm 2 are 9.8 and 7.2 V/µm, respectively. In the case of the C-Cu nanoneedle structure grown at moderate R C [R C =0.83 nm/min], the turn on field Figure 4 ) to determine the field enhancement factor (β), with an assumption that the work function of C-Cu composite structure is to be 4.65 eV. 26 The β calculated from the slopes of the F-N plots for the emitter with R C =0.17, 0.67, 0.83, 1.67 and 2.83 nm/min were 317, 514, 540, 8455 and 1918, respectively. There seems to be no field emission at the electric field (E) values lower than ∼ 9.0, 7.7, 5. 27 In addition, F-N plots for C-Cu nanoneedles for Rc of 2.83 nm/min and of 1.67 nm/min did not show the straight lines, in which at higher electric field the FEE property gradually decreased. This would be also due to the space charge effect at high current density at confined emission area. 28 In conclusion, we have demonstrated the morphological control of C-Cu composite nanostructures on highly conductive Cu substrate at room temperature without any catalyst. The research was conducted by simultaneously supplying C on the Cu substrate at room temperature by using the ion irradiation method. The morphology and FEE properties of the C-Cu composite nanostructure were thoroughly investigated. Conical protrusions were formed on Cu surface with low R C , whereas those surface with high R C produced nanoneedles. Thus, the structure and morphology of the C-Cu composite nanostructure on large area conductive substrate is controllable by adjusting the R C , leading to a significant improvement in the FEE properties.
